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Cellular mechanisms generating the polarized redistribution of maternal Type I postplasmic/PEM mRNAs in ascidian oocytes remain
unknown. We have previously shown that PEM-1 mRNA is associated with a network of rough cortical Endoplasmic Reticulum (cER) polarized
along the animal–vegetal (a–v) axis forming a cER–mRNA domain in mature oocytes. We now investigate the a–v polarization of this cER–
mRNA domain during meiotic maturation using H. roretzi and C. intestinalis. We show that the cER and Hr-PEM-1 aggregate as interconnected
cortical patches at the cell periphery before maturation, which uniformly spread out during maturation and form a reticulated organization enriched
in the vegetal hemisphere at the end of maturation. Time-lapse video recordings coupled with micromanipulations reveal that stereotyped surface,
cortical and cytoplasmic flows accompany the vegetal shift of the cER–mRNA domain and mitochondria-rich myoplasm. Treatments with
cytochalasin B and nocodazole indicate that both polarization of the cER–mRNA domain and mitochondria-rich myoplasm and cortical and
cytoplasmic flows depend on actin cytoskeleton, but not microtubules. Using cortical fragments prepared from maturing oocytes coupled with
high resolution immuno/in situ localization, we have further analyzed the effects of these inhibitors on the reorganizations the cER network and
Hr-PEM-1 mRNA. We show that before maturation starts, Hr-PEM-1 mRNAs are already associated with the cER, and actin cytoskeleton
inhibitors disturb their association. Finally, we hypothesize that Germinal Vesicle Break Down (GVBD) triggers an actomyosin-dependant cortical
flow which directs the a–v polarization of ascidian oocytes.
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In most organisms, a primary axis, the animal–vegetal (a–v)
axis, is established during oogenesis and meiotic maturation.
Meiotic maturation (Prophase I–Metaphase I transition) is
characterized by the breakdown of the nuclear envelope of the
Germinal Vesicle (GVBD) followed by polar bodies extrusion,
thus yielding a mature oocyte ready for fertilization and deve-
lopment (Sun and Schatten, 2006). At the time of fertilization,
the mature oocyte is highly polarized along the a–v axis with the
eccentric positioning of the meiotic spindle and chromosomes⁎ Corresponding author. Fax: +33 4 93 76 37 92.
E-mail address: francois.prodon@obs-vlfr.fr (F. Prodon).
1 Present address: Developmental Biology Unit, Université Pierre et Marie
Curie (Paris VI), Observatoire Océanologique, 06234 Villefranche-sur-mer,
France.
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.11.001(Meiotic Apparatus, MA) lying under the animal pole cortex. In
ascidians, two concentric peripheral domains are recognizable at
the opposite hemisphere. These vegetal domains consist of a
monolayer of cortical Endoplasmic Reticulum (cER) to which
adhere several maternal mRNAs (cER–mRNA domain), and a
subcortical mitochondria-rich domain (called myoplasm) (Con-
klin, 1905; Sardet et al., 1992, 2003, 2005; Roegiers et al., 1999;
Nakamura et al., 2005; Prodon et al., 2005, 2006). The establish-
ment of this a–v polarity takes place during meiotic maturation
in the ascidian Ciona intestinalis (Prodon et al., 2006).
Fortunately, oocytes of the cosmopolitan ascidian species
C. intestinalis (order: Enterogona/ suborder: Phlebobranchia/
family: Cionidae) and also those of the Japanese species Halo-
cynthia roretzi (order: Pleurogona/ suborder: Stolidobranchia/
family: Pyuridae) mature spontaneously when they are dissected
from gonads and transferred to sea water. This provides ways to
analyze the mechanisms which give rise to the asymmetric
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the a–v axis (Sakairi and Shirai, 1991; Satoh, 1994; Bates and
Nishida, 1998; Numakunai, 2001; Lambert, 2005; Prodon et al.,
2006, 2007; Sardet et al., 2007). In our previous study, we have
also shown that the actin cytoskeleton is required for the
migration of the MA towards the animal pole cortex and the
polarized redistribution of the myoplasm (Prodon et al., 2006). A
main difference between Ciona andHalocynthia is the eccentric
location of the GV in oocytes of Halocynthia, which constitutes
the first sign of asymmetry and influences the future cortical
positioning of the MA (Miyazaki et al., 2005; Numakunai,
2001). One important aspect, which remains to be elucidated, is
the establishment of the asymmetric redistribution of the cER–
mRNA domain during the formation of the a–v axis.
In Drosophila melanogaster, Xenopus and several ascidian
species, one of the most striking features of oocyte polarity is the
localization of maternal mRNAs in a particular cytoplasmic or
cortical region that results in local synthesis of the encoded
proteins at the target site (Du et al., 2007; King et al., 2005;
Nishida, 2005; Prodon et al., 2004). In oocytes of D.
melanogaster, gradients of morphogens encoded by localized
mRNAs such as bicoid or gurken pattern the embryo body plan
and allow the establishment of the Antero–Posterior (A–P) and
Dorso–Ventral (D–V) axis (Du et al., 2007). During Xenopus
development, localization of mRNAs also contributes to
embryonic patterning. Several mRNAs are localized to the
vegetal pole or the vegetal hemisphere of the oocyte and are later
asymmetrically inherited by the cellular progeny that arises from
this region. For example, localized mRNAs, VegT and Veg1, are
respectively involved in the mesendodermal development and in
the specification of both mesendodermal and endodermal tissues
(Zhang et al., 1998; Melton, 1987). Ascidians are characterized
by a large population of cortically localized maternal mRNAs
called postplasmic/PEM RNAs. These mRNAs code for
different types of proteins, some of which also clearly play
critical roles in the determination of the A–P axis by directing
the posterior fate of ascidian embryos (Nakamura et al., 2006;
reviewed in Kumano and Nishida, 2007). This posterior fate
includes the autonomous muscle specification, the generation of
differences in responsiveness to inductive FGF signals between
mesenchyme and notochord precursor blastomeres, and the
control of cleavage patterns (Prodon et al., 2007). For example,
PEM-1 mRNA, the most abundant Type I postplasmic/PEM
RNAs, codes for a novel protein and plays a role in orientation of
cleavage planes and successive unequal cell divisions in ascidian
embryos (Negishi et al., 2007). The population of postplasmic/
PEM RNAs include more than 40 members in five different
ascidian species (H. roretzi, C. intestinalis/savignyi, Phallusia
mammilla, Botrylloides violaceus) (Yoshida et al., 1996, 1997;
Sasakura et al., 2000; Nakamura et al., 2003; Yamada, 2006;
Brown and Swalla, 2007; Shirae-Kurabayashi et al., 2006; and
reviewed in Prodon et al., 2007). Two types (Type I and Type II)
which both accumulate at the posterior pole of embryos have
been distinguished (Sasakura et al., 2000). Type I are already
located in the oocyte cortex before fertilization, whereas Type II
accumulate strongly in the posterior pole of embryos after
fertilization. Interestingly, several Type I postplasmic/PEMRNAs (at least PEM-1, macho-1, POPK-1, ZF-1 and wnt-5) are
associated with the cortical network of rough ER (cER) in
matured oocytes, and translocate with it in a stereotyped manner
after fertilization (Sardet et al., 2003; Nakamura et al., 2005;
Prodon et al., 2005). Indeed, the cER–mRNA domain and also
the myoplasm are relocated between fertilization and the first
cleavage by two major phases of cytoplasmic and cortical
reorganizations (also called ooplasmic reorganizations) corre-
sponding respectively to a microfilament-driven cortical con-
traction, and a sperm-aster microtubule-driven translocation
(Sasakura et al., 2000; Roegiers et al., 1999; reviewed in Sardet
et al., 2007). Between two- and eight-cell stages, these domains
are partitioned by a series of cleavages to the posterior pole, and
the cER–mRNA domain further concentrates in a cortical
subcellular structure called CAB (for Centrosome Attracting
Body) located in the smaller posterior-most vegetal blastomeres
(Sardet et al., 2003, 2005; Prodon et al., 2005; Nakamura et al.,
2005; Patalano et al., 2006). The CAB is responsible for three
successive unequal divisions, and thus allows the asymmetric
redistribution of postplasmic/PEMRNAs at the posterior pole of
developing embryos (reviewed in Sardet et al., 2007; Prodon et
al., 2007; Kumano and Nishida, 2007; Munro, 2007).
The localization patterns of PEM-1 and PEM-3 mRNAs
have been previously described in pre- and post-vitellogenic
oocytes of C. intestinalis (Yoshida et al., 1996, 1997; Prodon et
al., 2006, 2007). Patches of PEM-1 mRNA are uniformly
distributed at the cell periphery of GV-stage oocytes just before
meiotic maturation (stage III, full grown oocyte). However,
nothing is known about cellular mechanisms that control its
redistribution along the a–v axis and its relationship with the
cER network (Nakamura et al., 2006; Sardet et al., 2003;
Prodon et al., 2005). Taking advantages of the large size of full
grown oocytes of Halocynthia (∼280 μm in diameter), which
are abundant and mature synchronously, we have examined
mechanisms which drive the a–v polarization. Here, we have
focused on the redistribution of Hr-PEM-1 mRNA during
meiotic maturation examining at high resolution its association
with the cER. We have also described the temporal events
accompanying maturation using time-lapse video recordings.
We have marked the cell surface with particles and the
subcortical region with oil droplets. These experiments reveal
that the a–v axis polarization occurs concomitantly with the
cortical and cytoplasmic flows. Treatments with cytoskeletal
inhibitors show that the polarized redistribution of the cER–
mRNA domain is driven by the actin cytoskeleton. We also
observed that treatments with blebbistatin block the asymmetric
redistribution of Hr-PEM-1 mRNA and the myoplasm and
associated cortical and cytoplasmic flows, suggesting a myosin-
2-dependant mechanism.
Materials and methods
Biological material and collecting oocytes
Halocynthia roretzi adults were collected by fishermen near Asamushi
Marine Biological Station (Mutsu Bay, Aomori, Japan) and the Otsuchi
International Coastal Research Center (Iwate, Japan), and Ciona intestinalis in
Roscoff (Brittany, France). Whole gonads were dissected, and ovarian fragments
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containing 50 μg/ml streptomycin sulfate and 50 μg/ml kanamycin sulfate in
a Petri dish deposited on ice. Maturing oocytes of Halocynthia were collected
based on methods described by Fuke and Numakunai (1996). The vitelline
membrane and surrounding cells were gently removed by pipetting following
enzymatic treatment with 1% ThioGlycolate–0.05% Actinase E (TG-A) in
MFSWat pH 10 for 15 min. For Ciona oocytes, we used the protocol described
in Prodon et al. (2006). Devitellinated oocytes were deposited into Petri dishes
coated with 1% agar with or without inhibitors at 13 °C for Halocynthia and at
18 °C for Ciona.
In situ hybridization and immunochemistry in whole mount oocytes
Whole-mount in situ hybridization was carried out as described byMiya et al.
(1994) and Miya and Satoh (1997). Specimens were fixed in 4% paraformalde-
hyde, 0.5M NaCl and 0.1M MOPS (pH 7.5). Oocytes were hybridized with
digoxygenin (DIG)-labelledHr-PEM-1 anti-sense RNA probes (GenBank access
number AB045129). As negative controls we used sense RNA probes (data not
shown). The signal was revealed using a TSA fluorescein system (Perkin-Elmer
Life Sciences) as described previously (Sardet et al., 2003; Nakamura et al., 2003,
2005). Oocytes were labelled for chromosomes with 0.25 μg/ml DAPI (Sigma)
for 1 h at room temperature, and after several washes in PBSmounted inCitiFluor
(Canemco and Marivac, Canada). Samples were observed in epifluorescence to
identify oocytes orientation. Then, adequately oriented oocytes were selected and
analyzed by confocal microscopy. To label MTs, fixed oocytes were first
incubated with a rat polyclonal antibody YL1/2 anti-tubulin (Amersham) diluted
at 1:200 for 2 h at RT. As secondary antibody, we used a goat anti-rabbit
AlexaFluor 488 (Molecular Probes) diluted at 1:500 for 1.5 h at RT.
Cytoskeletal inhibitors
Oocytes were treated with 10 μM nocodazole (Sigma) to depolymerize
MicroTubules (MTs). Cytochalasin B and latrunculin B (Sigma) were used
respectively at 20 μg/ml and 10 μM to depolymerize actin MicroFilaments
(MFs). Blebbistatin (Calbiochem) was used at 50 μM to inhibit the non-muscle
myosin-2. These cytoskeletal inhibitors were diluted into MFSW (from 1000×
stocks in DMSO). After incubation, oocytes were washed three times and used
for cortex isolation or fixed for in situ hybridizations or immunochemistry.
Cortex isolation
Cortical fragments were isolated, fixed, labelled and mounted as reported in
(Sardet et al., 1992). Briefly, oocytes were deposited on a polylysine-coated
coverslip into a drop of EMC or Buffer X. Oocytes attached to the glass surface
were opened and emptied of their cytoplasm with a stream of cortex buffer
squirted from a Pasteur pipette leaving cell cortices attached to the glass. Isolated
cortical fragments were immediately fixed for in situ hybridizations and/or
immunochemistry following procedures described in (Sardet et al., 2003;
Prodon et al., 2005; Nakamura et al., 2005).
Immunochemistry and in situ hybridizations on isolated cortical
fragments
For immunolocalization of proteins coupled to the detection of mRNAs,
cortex specimens were fixed as described by Sardet et al. (2003), and the in situ
protocol was carried out without treating fixed samples with detergent such as
Tween 20, solvent such as EtOH and proteolytic enzymes such as proteinase K.
To visualize cortical ER, fixed samples were first incubated with a rabbit
polyclonal antibody against the phospho-S6 ribosomal subunit (Covance)
diluted at 1:200 in RNase free PBS for 2 h. As secondary antibodies, we used a
goat anti-rabbit Alexa Fluor 594 (1:500, Molecular Probes) for 1.5 h. Then, Hr-
PEM-1 mRNAs were detected as reported in Sardet et al. (2003). To label MTs,
samples were incubated with a rat polyclonal antibody YL1/2 anti-tubulin
(1:200) for 2 h at RT. As secondary antibody, we used a goat anti-rabbit Alexa
Fluor 350 (1:500, Molecular Probes) for 1.5 h. MFs and the network of cER
were occasionally labelled respectively with Alexa Fluor 488 Phalloidin
(6.6 μM, Molecular Probes) and DiIC18(3) as described (Sardet et al., 1992).Microinjections and vital labelling of live oocytes
Injections were performed using an IM-300-motor drive microinjector
(Narishige, Japan). Wesson oil containing DiIC18(3) (Molecular Probes), which
is lipophilic and emits red fluorescence, were used to observe cytoplasmic
movements in the live opaque oocytes of Halocynthia. Droplets of DiIC18(3)
were injected near the animal pole (a) immediately after devitellination. To
visualize the movements at the cell surface, Nile blue particles or fluorospheres
(1 μm in diameter with a blue-green fluorescence (430/465), Molecular Probes)
were grafted onto the plasma membrane of DiIC18(3)-injected eggs. For
observations of mitochondria and chromosomes, we used TMRE mitotracker
(1000× stock solution freshly made in EtOH, Molecular Probes) and Hoechst
33342 (5000× stock solution in water) as described in Roegiers et al. (1999).
Injected and marked oocytes were mounted in GF-coated chambers (0.1%
Gelatin–0.1% Formaldehyde) for live observations.
Microscopy and image analysis
Images were acquired using an Olympus BX61 fluorescence microscope, a
Carl Zeiss Axioskop microscope coupled with a Yokogawa CSU10 confocal
unit and equipped with argon and argon/krypton lasers, or a Leica SP2 confocal
microscope equipped with argon neon, helium neon and green neon lasers.
Images were treated and analyzed using Image J 1.33u (NIH, USA). The plugin
« turboreg » available on the Image J website was systematically used to align
sequences acquired in time-lapse video microscopy. Trajectories and speeds of
droplets and particles were analyzed using the plugin «manual tracking». Two
other plugins were used to evaluate the colocalization between the signal for
Phospho-S6-ribosomes (Alexa Fluor 594) and Hr-PEM-1 mRNA (Alexa Fluor
488) on isolated cortices. Regions of interest (ROI) were first defined in each
analyzed isolated cortical fragments and for each wavelength (TRITC/
AlexaFluor 488). Then, ROI defined in red and green channels were merged
(«colocalization finder»). The colocalization was established when the ratio per
pixel between the intensity of the signal acquired in red and green channels was
equal or superior to 0.5 (Pierre Bourdoncle, IJM, Paris). A correlation factor was
also defined using a test of colocalization developed by Tony Collins (Wright
Cell Imaging) and based on a Pearson's analysis (see Figure S1 in
Supplementary Materials).Results
Spontaneous meiotic maturation of Halocynthia oocytes
Because the distribution of Hr-PEM-1 mRNA polarizes
during meiotic maturation (the transition Prophase I–Meta-
phase I) (Fig. 1A) as in Ciona, we studied the different stages
during maturation of Halocynthia oocytes. The Germinal
Vesicle (GV) is already eccentrically located in young and
small pre-vitellogenic oocytes of Halocynthia (Fig. 1B, left).
Furthermore, we also noted that the GV is positioned at the
opposite side of the gonadal wall (Fig. 1B, right). After
dissection of ovaries, oocytes were immediately transferred to
sea water or sea water containing 1% ThioGlycolate 0.05%
Actinase E (TG-A) to remove vitelline membrane (correspond-
ing to time=0 or «t0»). Then, oocytes with vitelline membrane
were recorded by time-lapse video microscopy (brightfield
optics), while naked oocytes were observed after the devitellina-
tion and washes (t0+15 min.). Cellular events which character-
ize maturation are: (1) the breakdown of the Germinal Vesicle
(GVBD); (2) the migration of the meiotic spindle and
chromosomes (Meiotic Apparatus, MA) towards the cell
periphery; (3) the cortical positioning of the MA (Fig. 1, and
see Videos 1, 2 and 3 in Supplementary Materials).
Fig. 1. Meiotic maturation in Halocynthia. (A) Cortical distribution of Hr-PEM-1mRNA (arrowheads) in a Prophase I-arrested oocyte containing a GV (left) and in a
mature Metaphase I-arrested oocyte (right). The GV is delimited by a red dotted circle. (B) Eccentric positioning of the Germinal Vesicle (GV) in an isolated pre-
vitellogenic oocyte (left). The GVof post-vitellogenic oocyte is positioned at the opposite side of the gonadal wall (right, arrowhead). (a) animal pole, (v) vegetal pole.
(C) Germinal Vesicle BreakDown (GVBD) in oocytes with and without vitelline membrane. The enzymatic treatment for devitellination (TG-A) accelerates GVBD by
15 min. Means are plotted of five independent measurements at 13 °C. (D, E) Images extracted from 2 independent video time-lapse recordings (brightfield
microscopy) showing the spontaneous maturation of oocytes with (D) and without (E) vitelline membrane (see also corresponding Videos 1 and 2 in Supplementary
Materials). The two main periods of maturation in naked oocytes are indicated on the top of the photos by grey arrows and a schematic representation. (t0) corresponds
to the time when oocytes were isolated from ovaries. Time is indicated in minutes (′) and seconds (″). At the beginning of the sequences, oocytes are oriented along the
future animal–vegetal poles. After GVBD, the position of the MA is indicated by arrowheads. Inserts in panel E at 15′30″, 61′00″ correspond respectively to
superimposed images acquired in DIC optics and fluorescence showing chromosomes (red) contained inside the GV and the MA. Insert in panel E at 73′00″ shows
chromosomes (red) and microtubules (green) when the MA is positioned into the cell cortex. (F) Injection of large oil droplets between the GVand the closest cortical
area (see also corresponding Video 3 in Supplementary Materials). Droplets are annoted and colored. Their trajectories are indicated by corresponding colored lines.
Arrowheads show the position of the MA (light zone) during its migration towards the cell cortex.
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accomplishes at 45 min after dissection of gonads (t0+45 min.
on average, Fig. 1C). In contrast, in naked oocytes, GVBD is
accelerated (t0+30 min., i.e. Δt ∼15 min.) as previously
reported (Sakairi and Shirai, 1991) (Fig. 1B). In both cases
(±vitelline membrane), GVBD is completed approximately in
10 min after GVBD initiation (Figs. 1B–D). After the complete
breakdown of the GV, a light zone smaller than the size of the
GV forms in its place, and corresponds to a yolk granule-free
area that contains the MA in formation (Figs. 1D, E see
arrowheads and inserts) as also reported in Ciona (Prodon et al.,
2006). The MA migrates towards the nearest cortical area in
approximately 1 h and defines the animal pole (a) (Fig. 1
cartoon). In addition, we also made some time-lapse recordings
coupled to injections of large oil droplets between the GVand the
closest cortical site. We observed that the MA migrates at
constant speed (∼1 μm/min.) towards this cortical site in 1 h
(Fig. 1F, and see Video 4 in SupplementaryMaterials). Thus, this
closest cortical site to the original GV position is predestined to
be the animal pole since the MA invariantly migrates in its
direction. Therefore, the eccentric position of the GV predicts
the future animal pole (a in Fig. 1F) in Halocynthia.
Cortical and subcortical polarity before and after meiotic
maturation
In order to understand how the polarized redistribution of
Type I postplasmic/PEM RNAs occurs in the cortex of ascidian
oocytes, we first analyzed the redistribution of Hr-PEM-1
mRNA before (Fig. 2) and after (Fig. 3) maturation using
fluorescent in situ hybridizations and confocal microscopy. We
also examined the redistribution of mitochondria and the cER
network in live maturing oocytes. At low resolution, Hr-PEM-1
mRNA and mitochondria are both homogeneously distributed
at the cell periphery of GV-stage oocytes of Halocynthia (Figs.
2B–G). At higher resolution, Hr-PEM-1 mRNA is distributed
in abundant cortical patches (about 8 μm in diameter and 3 μm
in thickness) that are interconnected by a weakly stained mesh
(Figs. 2D–G), whereas mitochondria are tightly packed into a
subcortical layer (8 μm in thickness) forming the myoplasm. To
label the ER network of oocytes, we injected a large droplet of
DiIC18(3) near the cortex in GV-blocked oocytes (treating
oocytes with 10 μM Leupeptin before devitellination as
reported by Sakairi and Shirai, 1991). To study the reorganiza-
tion of the ER network in GV-stage oocytes by confocal
microscopy, oocytes were analyzed 2 h later when the DiIC18(3)
diffuses throughout the ER network (see Figs. 2I–K). The large
size (∼280 μm) of Halocynthia oocytes allowed us only to
visualize the ER near the cell cortex, but not the deeper
cytoplasmic ER (Figs. 2I–K), but this was possible in Ciona
(∼120 μm) (Fig. 2H). Similarly to Hr-PEM-1 mRNA, some
cortical patches enriched in ER can be also detected (Figs. 2J, K,
arrowheads), suggesting that Hr-PEM-1 mRNA could be
colocalized with these focal cortical accumulations of cER.
The size of these cortical patches was estimated at ∼10 μm in
diameter and 6 μm in thickness, indicating that they cross the
myoplasm towards the deeper cytoplasm (Fig. 2K, arrowheads).This is also confirmed by the presence of black dots, which
correspond to cytoplasmic yolk granules in confocal sections
made 8 μm under the cell surface (Fig. 2K).
Furthermore, isolated cortices were prepared to determine at
higher resolution if Hr-PEM-1 mRNA colocalizes with the
cortical network of ER (Figs. 2L1–L6). We observed that the
cortical patches enriched in Hr-PEM-1 mRNAs and ER
observed in whole GV-stage oocytes are not retained on these
isolated cortical fragments after the sheering procedure (Figs.
2L1–L6), similarly to the subcortical mitochondria-rich myo-
plasm. Nevertheless, after a double labeling for Phosho-S6-
ribosomes (a good marker for the cortical network of rough ER)
and Hr-PEM-1 mRNA, Hr-PEM-1 mRNA displays a reticu-
lated organization and appears mostly colocalized with the
cortical network of ER (Figs. 2L5–L6, arrowheads). However, a
weak portion of Hr-PEM-1 mRNAs shows a different
distribution from that of ribosomes, suggesting that these
mRNAs are not associated with ribosomes (Figs. 2L2–L6,
arrows).
Oocytes are fully matured approximately 1 h after the
completion of GVBD (Fig. 3). Indeed, the mitochondria-rich
myoplasm and the cER-mRNA domain display a polarized
distribution along the a–v axis, and are excluded from the animal
pole defined by the position of the MA (Figs. 3A–C). At high
magnification, the distribution of Hr-PEM-1 mRNA is reticu-
lated and follows the cER network as described previously in
naturally mature oocytes (Sardet et al., 2003) (Figs. 3D–F).
Therefore, there is no difference between naturally spawned
Metaphase I-arrested oocytes (unfertilized eggs) and in vitro-
matured oocytes we observed here. In spontaneously mature
oocytes ofCiona, the ER network shows a polarized distribution
(Fig. 3G) as previously reported (Prodon et al., 2005). Detailed
observation in Halocynthia (Figs. 3H–J) indicates that cortical
patches enriched in ER in GV-stage oocytes disappear after
maturation and the cER network shows a reticulated distribution
similarly to those of Hr-PEM-1 mRNA. The network of cER is
essentially composed of connected tubules (Fig. 3J). Isolated
cortical fragments show that Hr-PEM-1 mRNA remains
strongly colocalized with the network of the cER and ribosomes
(Figs. 3K1–K6), reinforcing the idea that the polarized
redistribution of Hr-PEM-1 mRNA could be mediated by the
cER reorganizations during maturation.
Polarized surface, cortical and cytoplasmic movements
In time-lapse movies of oocytes both with and without
vitelline membrane during maturation, we noticed that
characteristic and polarized flow of peripheral cytoplasm
towards the vegetal pole, although the flow is easier to be
recognized in naked oocytes. Therefore, we further character-
ized this movement. We injected some smallest oil droplets
containing DiIC18(3) between the GV and the nearest cortical
area immediately after devitellination, and grafted some Nile
blue particles and/or fluorospheres (1 μm in diameter, data not
shown) onto the surface of these injected oocytes (Figs. 4A,
B1–B2, and see also Videos 5, 6 and 7 in Supplementary
Materials).
Fig. 2. Distribution of mitochondria, Hr-PEM-1 mRNA, and the cortical ER network in GV-stage oocytes. Mitochondria, Hr-PEM-1 mRNA and the cortical ER
network in whole prophase I-arrested oocytes are shown in panels A–K, and ribosomes andHr-PEM-1mRNA in isolated cortical fragments in panels L1–L6. The top
left cartoon summarizes the distribution of the subcortical mitochondria-rich domain (myoplasm, green), the cortical ER network (red), andHr-PEM-1mRNA (yellow
stars) along the future animal-vegetal (a–v) axis. (A) Whole oocyte observed in DIC optics in vivo (left panel) and after extraction (right panel, +Ext.). (B) Distribution
of mitochondria (green, arrowheads) in a live oocyte in equatorial view (left, Equa.) and surface view (right, Surf.). (C–G) Distribution of Hr-PEM-1 mRNA. (C)
Confocal equatorial view (left, arrowheads) and surface view (right, arrowheads). (D, E) Detail at higher magnification along an equatorial (D) and surface view (E).
Arrowheads indicate the cortical patches. (F) The same cortical layer of Hr-PEM-1 mRNA after having increased the contrast (left) or not (right). (G) Confocal
sections made from the surface (z=0 μm) and 3 μm under the surface (z=3 μm). (H–K) ER network in live oocytes of C. intestinalis (H) and H. roretzi (I–K).
Arrowheads in panels H and J indicate the presence of cortical accumulation of ER. (I, J) Live oocyte injected with a large droplet of oil saturated in DiIC18(3) at the
future vegetal pole (DiI) and observed along an equatorial (I) and a surface confocal views (J). Arrowheads in panel J indicate the presence of large patches enriched in
cER at the cell surface. (K) Detail of confocal sections made from the surface to the deeper cytoplasm (every 2 μm). Arrowheads show a single patch of cER. Large
black dots correspond to the cytoplasmic yolk granules. (L1–L6) Distribution of ribosomes (in red, L1–L2) and Hr-PEM-1 mRNA (in green, L3–L4) in cortical
fragments. Merge is shown in panels L5–L6. (L2, L4, L6) Details of boxed areas respectively shown in panels L1, L3 and L5. Arrows in panels L2, L4, L6 indicate that
a portion of Hr-PEM-1 mRNA is not colocalized with ribosomes. Arrowheads show the colocalization.
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Fig. 3. Characterization of cortical and subcortical polarity in matured oocytes. Mitochondria, Hr-PEM-1 mRNA and the cER network in whole metaphase I-arrested
oocytes are shown in (A–J), and ribosomes andHr-PEM-1mRNA on isolated cortical fragments in (K1–K6). The top left cartoon summarizes those distribution in the
same manner to Fig. 2. Meiotic Apparatus (MA, blue) is positioned at the animal pole (a). (A) Whole oocyte observed in DIC optics. (B) Distribution of mitochondria
(green, arrowheads) in a live oocyte. (C–F) Distribution of Hr-PEM-1 mRNA. (C) Confocal equatorial view (left, arrowheads) and surface view (right, arrowheads).
(D, E) Detail at higher magnification shown in the same way to Fig. 2. (F) Confocal sections made from the surface to the deeper cytoplasm (every 1 μm). (G–J) ER
network in live oocytes of C. intestinalis (G) and H. roretzi (H–J). Arrow in panel G shows the accumulation of ER around the spindle. Dotted lines indicate the
asymmetric distribution of the network of cER. (H, I) Live oocyte of H. roretzi injected with a large droplet of oil saturated in DiIC18(3) at the vegetal pole (DiI). (J)
Confocal sections made from the surface to the deeper cytoplasm (every 2 μm). (K1–K6) Distribution of ribosomes (in red, K1–K2) and Hr-PEM-1mRNA (in green,
K3–K4) and merge (K5–K6) in cortical fragments. (K2, K4, K6) Details of boxed areas. Arrow in panels K2, K4, K6 indicates that a portion of Hr-PEM-1 mRNA is
not colocalized with ribosomes. Arrowheads show the colocalization.
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closest cortical site (we call this « first Cytoplasmic Movement »
or CM1) as indicated by the movement of DiI droplets (Figs. 4A,
B1, see also Video 4 in Supplementary Materials). A transient
Surface Movement (SM1) occurs just before the formation of
CM1. This surface contraction SM1 (∼1 μm/min) is directed
towards the animal pole as indicated by the movement of the
Nile blue particles attached to the plasma membrane (Fig. 4A,
see also Video 5 in Supplementary Materials). This first set of
coordinated surface and cytoplasmic movements (SM1 and
CM1) ends when GVBD is achieved. A second polarized
cytoplasmic movement (CM2) or cytoplasmic flow (1 μm/min)
takes place after GVBD and accompanies the migration of the
MA towards the nearest cortical area as indicated by the
migration of droplets (Fig. 4B1, Videos 5 and 6 in Supplemen-
tary Materials). The migration of the MA takes approximately 1
h from the complete breakdown of the GV. Simultaneously, the
peripheral cytoplasm beneath the plasma membrane evidently
moves towards the vegetal pole as indicated by the movement of
granules observed in brightfield microscopy and the vegetal
accumulation of mitochondria (Figs. 4C1, C2). In addition, this
cytoplasmic flow is coupled to a second polarized surface
movement (SM2) (1 μm/min) which propagates, in this case,
from the animal pole towards the vegetal pole (Fig. 4B2, and see
also Video 6 in Supplementary Materials). These peripheral
CM2 and SM2 seem to drive the cortical and subcortical
polarization of oocytes along the a–v axis.
In order to know if the polarization of the subcortical
mitochondria-rich myoplasm occurs concomitantly with CM2
and SM2, we also labelled mitochondria in live oocytes (Figs.
4C1, C2). Interestingly, the polarized redistribution of mito-
chondria occurs in two phases (slow and rapid). The slow phase
corresponds to the progressive exclusion of the mitochondria-
rich myoplasm from the animal pole during the appearance of
SM2/CM2 (Figs. 4C1, C2 from 39′00ʺ to 79′00ʺ, see also Video
7 in Supplementary Materials), and then is rapidly redistributed
along the a–v axis when the MA reaches the cortex (Figs. 4C1,
C2 at 99′00″).
Taken together, these observations indicate that invariant and
stereotyped surface and cytoplasmic movements occur just
before and during GVBD (SM1/CM1), and then with the
migration of the MA in the cell cortex and the peripheral
cytoplasm shift towards the vegetal hemisphere excluding the
myoplasm from the animal pole region (SM2/CM2).
Hr-PEM-1 mRNA is excluded from the future animal pole
before the spindle reaches the cell cortex
To determine if the polarized redistribution of the cER-
mRNA cortical domain also occurs concomitantly with the
formation of polarized surface and cytoplasmic movements
(SM2/CM2) similarly to the mitochondria-rich myoplasm, we
performed in situ hybridizations using Hr-PEM-1 mRNA at
different time intervals after GVBD in whole synchronously
maturing oocytes (Fig. 5).
Before GVBD, Hr-PEM-1 mRNA preferentially accumu-
lates as small and abundant cortical patches as described before(Figs. 5A1–A4). These cortical patches are uniformly
distributed at the cell periphery. Immediately after GVBD,
these cortical patches start to spread out in the cell cortex
forming a thin layer (∼1 μm depth) (Figs. 5B1–B4).
Interestingly, 15 min after the complete breakdown of the
GV (t0+50 min) when the spindle initiates its migration, we
observe that Hr-PEM-1 mRNA starts to be excluded from the
animal pole region (Figs. 5C1–C3, arrowheads). Concomi-
tantly, cortical patches enriched in Hr-PEM-1 mRNA observed
in GV-stage oocytes continue to spread out in the cortex (Figs.
5C2–C4). 25 min after GVBD (t0+60 min), the exclusion of
Hr-PEM-1 mRNA at the animal pole (defined by the
positioning of the MA in the cortex) amplifies, and it
accumulates progressively in the equatorial and vegetal cortex
(Figs. 5D1–D4). The characteristic vegetal accumulation of the
reticulated network of Hr-PEM-1 mRNA in the mature oocyte
is fully achieved around 60 min after GVBD (t0+90 min)
(Figs. 5E1–E4).
Our observations indicate that the vegetal shift of Hr-PEM-1
mRNA could be driven by the surface and cytoplasmic flows
(SM2/CM2) as observed for the myoplasm because the
temporal sequences of these events well coincide.
Actin MFs and myosin-2 drive the polarized redistribution of
the myoplasm and Hr-PEM-1 mRNA
To analyze mechanisms responsible for the cortical and
subcortical asymmetric redistribution of Hr-PEM-1 mRNA and
the mitochondria-rich myoplasm along the a–v axis, we
exposed maturing oocytes with cytoskeleton inhibitors (noco-
dazole and cytochalasin B) and blebbistatin from the time of
completion of GVBD (t0+30 min) and observed changes
occurring 2 h later (Fig. 6).
Cytochalasin B treatments disrupt the polarized redistribu-
tion of mitochondria and Hr-PEM-1 mRNA (Figs. 6C1, C2,
G1–G3) in contrast to nocodazole treatments which have no
effects (Figs. 6B1, B2, F1–F3). Indeed, in nocodazole-treated
oocytes, Hr-PEM-1 mRNA accumulates in cortical gradient
along the a–v axis and displays a reticulated distribution, as
observed in mature and control oocytes incubated with the
DMSO solvent (Figs. 6E1–E3). Mitochondria also show a
polarized distribution as in control oocytes (DMSO) (Figs. 6A1,
A2). In cytochalasin B-treated oocytes, Hr-PEM-1 mRNA
aggregates in large cortical patches (Figs. 6G1–G3). In order to
determine if the molecular motor myosin-2 is involved in the
asymmetric redistribution, maturing oocytes were incubated in
presence of blebbistatin, a specific inhibitor of nonmuscle
myosin-2 (Figs. 6D1, D2, H1–H3). The vegetal shifts of
mitochondria and Hr-PEM-1 were significantly blocked after
treatment with blebbistatin (Figs. 6D1, D2, H1–H3). The MA
never reaches the animal pole cortex in oocytes treated with
cytochalasin B or blebbistatin (Figs. 6C2, D2, arrowheads; see
also Fig. S1B in Supplementary Materials). Time-lapse video
sequences (brightfield optics) of blebbistatin- or cytochalasin B-
treated oocytes reveal that the migration of the MA and also
SM2/CM2 are blocked (see Fig. S1B and Videos 9 and 10 in
Supplementary Materials).
Fig. 4. Formation of polarized surface and cytoplasmic movements during meiotic maturation. Summary of surface (black arrows), cortical (green arrows) and
cytoplasmic (red arrows) movements accompanying meiotic maturation is shown on the top of the figure. Mitochondrial layer (myoplasm) is in green. The Meiotic
Apparatus (MA) is shown in blue. Periods of maturation are indicated by grey arrows and timing is shown in minutes (′) from the dissection of ovaries (t0). (A) Surface
Movement (SM1) and Cytoplasmic Movement (CM1) associated with GVBD. Nile blue particles were attached at the surface. Colored lines show their trajectories
(see also Video 4 in Supplementary Materials). (B1, B2) Characterization of the Surface and Cytoplasmic Movements (SM2/CM2) accompanying the migration of the
meiotic apparatus. Naked oocyte was injected with small droplets of DiIC18(3) at the future animal pole (red) (B1, arrowheads), and labeled with Nile blue particles at
the surface (B2, arrowheads) (see also Video 5 in Supplementary Materials). (C1, C2) Time-lapse video sequence of a naked oocyte observed in brightfield microscopy
(C1) and the redistribution of the myoplasm (green, C2) (see also Video 6 in Supplementary Materials). The position of the meiotic apparatus (light zone) is indicated
by arrows and red circles respectively at the beginning and at the end of the sequence. Inserts in panel C2 shown the progressive exclusion of mitochondria from the
animal pole. (a) animal pole, (v) vegetal pole. Time is shown in minutes (′) and seconds (″).
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most abundant Type I postplasmic/PEM RNA, Hr-PEM-1, and
those of mitochondria-rich myoplasm along the a–v axis bothdepend on actin MFs and the molecular motor myosin-2,
reinforcing the idea that their redistribution occurs as a
consequence of the surface and cytoplasmic flows (SM2/CM2).
Fig. 5. The vegetal shift ofHr-PEM-1mRNA occurs before the cortical positioning of the meiotic apparatus. Summary of phases (no polarized distribution, spreading,
and polarization), which give rise to the cortical redistribution of Hr-PEM-1 mRNA (yellow star), is shown on the top of the figure. Yellow arrows show the
progressive accumulation of Hr-PEM-1 at the vegetal pole. Periods of meiotic maturation are indicated by grey arrows and timing is shown in minutes (′) from the
dissection of ovaries (t0). (A1–A4, B1–B4, C1–C4, D1–D4, E1–E4) Distribution of Hr-PEM-1 mRNA. (A1–E1) Confocal equatorial views. Arrowheads indicate
the distribution of Hr-PEM-1 mRNA in the cell cortex. From (C1) Hr-PEM-1 starts to be excluded from the animal pole (a) and accumulates to the vegetal pole (v).
Edge of distribution is marked by arrowheads. (A2–E2) Equatorial views at higher magnification. The distribution of Hr-PEM-1 mRNA progressively spreads out as
indicated by arrowheads. (A3–E3) Confocal surface views. Dotted circles in panels D3 and E3 delimited the periphery of oocytes. (A4–E4) Surface views at higher
magnification.. Surf, confocal surface view; Equa, confocal equatorial view.
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To compare the effects of cytoskeleton inhibitors on the
vegetal accumulation of PEM-1 mRNA with those of the cER
network, we injected maturing oocytes with a droplet saturated
with DiIC18(3) immediately after the devitellination. For this
purpose, we used oocytes of C. intestinalis which allow a better
visualization of the cortical and cytoplasmic ER network
compared with the larger and more opaque oocytes of Halo-
cynthia (Fig. 7, see also Video 8 in Supplementary Materials).
Immediately after GVBD, injected oocytes were incubated in
presence of cytochalasin B, nocodazole, or DMSO (as control)
for 4 h.
In control oocytes, the characteristic cortical network of ER
situated on the cytoplasmic side of the plasma membrane is
organized as a gradient along the a–v axis (Figs. 7A1–A3). The
cytoplasmic ER is essentially composed of large interconnectedmicrodomains of tubes and sheets which are increasingly larger
along the a–v axis (Fig. 7A3) as previously reported (Sardet et
al., 2002; Prodon et al., 2005). In nocodazole-treated oocytes,
the area of chromosomes and spindle is surrounded by an
accumulation of ER, but the network of cytoplasmic ER is
composed of anastomosed tubules, and does not display a
cytoplasmic enrichment of vegetal microdomains as observed in
control oocytes (Figs. 7B1–B3). Actually, some cytoplasmic
microdomains of ER are found, but they only show a restricted
accumulation in the subcortex (Figs. 7B2, B3). In these oocytes,
the cER domain is also well positioned (Fig. 7B3). In contrast, in
cytochalasin B-treated oocytes, the cER domain does not form
(Figs. 7C1–C3). An accumulation of cytoplasmic ER is also
found around the area containing chromosomes (Fig. 7C3). In
addition, some subcortical large aggregations of ER can be
detected at the cell periphery without an obvious polarity after
treatment with cytochalasin B (Fig. 7C2).
Fig. 6. Effects of cytoskeletal inhibitors on the a–v polarization of mitochondria and Hr-PEM-1 mRNA. Oocytes were incubated in presence of DMSO (control),
nocodazole (10 μM), cytochalasin B (20 μg/ml) and blebbistatin (50 μM) immediately after GVBD and labelled in vivo for mitochondria (green) and chromosomes
(blue) and observed in epifluorescence, or fixed and examined in confocal microscopy for the distribution of Hr-PEM-1 mRNA by fluorescent in situ hybridization.
(A–D) Distribution of mitochondria (green, A1–D1) and chromosomes (blue, A2–D2). (E–H) Distribution of Hr-PEM-1 mRNA. (E1–H1) Confocal equatorial
views. (E2–H2) Confocal surface views. (E3–H3) Surface views at higher magnification. a, animal pole; v, vegetal pole.
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reorganizations of the ER network in the cortex, which give rise
to its polarized distribution, also depend on MFs as described
for the polarized redistribution of Hr-PEM-1 mRNA.
The association between Hr-PEM-1 mRNA and the cER
network is disturbed by inhibitors of the actin cytoskeleton
Because Hr-PEM-1 mRNA is highly colocalized with the
network of cER on cortical fragments before and after
spontaneous meiotic maturation (see Figs. 2L1–L6, and Figs.3K1–K6), we wanted to know if this association was affected
by cytochalasin B treatments which disrupt the polarized
redistribution of Hr-PEM-1 mRNA and those of the cER
network in whole oocytes. We therefore isolated cortical
fragments from maturing oocytes treated with cytoskeleton
inhibitors in order to determine if, at higher resolution, the
colocalization of Hr-PEM-1 with the cER was affected (Fig. 8).
To verify the efficiency of cytoskeletal inhibitors, we first
examined the distribution of the cER, MTs, and MFs using
cortical fragments isolated from maturing oocytes treated with
DMSO, nocodazole or cytochalasin B from the time of GVBD
Fig. 7. Effects of cytoskeletal inhibitors on the cER reorganizations in live oocytes of C. intestinalis. All oocytes were first labelled with a droplet of oil saturated in
DiIC18(3) before GVBD and then incubated in presence of DMSO (control) (A1–A3), nocodazole (B1–B3), cytochalasin B (C1–C3) or blebbistatin (D1–D3) after the
GV was fully disrupted. Live oocytes were also labelled for chromosomes (blue) and analyzed by confocal microscopy to orient oocytes when the a–v polarization
ends (i.e. 4 h after GVBD in Ciona). (A1–D1) Confocal surface views. (A2–D2) Confocal subcortical views made 1–2 μm under the cell surface. (A3–D3) Confocal
equatorial views made through the accumulation of cytoplasmic ER surrounding chromosomes (blue). Each close-up shown on the right side corresponds respectively
to the animal (1) and vegetal (2) boxed areas defined for each confocal section. a, animal pole; v, vegetal pole; n, total number of analyzed oocytes (four independent
series).
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cortical fragments isolated from maturating oocytes treated with
DMSO (control), nocodazole and cytochalasin B, the network
of cER is essentially composed of tubules and does not appear
disturbed by cytoskeletal inhibitors (Figs. 8A1–C1). Small MTs
are retained on these cortical preparations (Figs. 8A2, C2),
except in cortical fragments isolated from nocodazole-treated
oocytes (Fig. 8B2). MFs are uniformly distributed on cortical
fragments as small dotted structures corresponding probably to
the short microvilli on the surface of the oocyte (Figs. 8A3, B3).
They form larger focal aggregations in cortical fragments
isolated from cytochalasin B-treated oocytes (Fig. 8C3). These
observations show that nocodazole and cytochalasin B treat-
ments do not alter the cER network retained on cortical
preparations thus confirming the confocal surface observations
made in whole oocytes (see Fig. 7).
Then, cortical fragments were double labelled for Phospho-
S6-ribosomes (a marker of ribosomes present on the cER
network) and Hr-PEM-1 mRNA. In presence of nocodazole
or DMSO, we observed a strong colocalization between Hr-
PEM-1 mRNA and ribosomes of the cER network (Figs.
8D1–D4, E1–E4, see also Fig. S1A). In contrast, after
cytochalasin B treatment, on isolated cortical fragmentscontaining the large cortical patches of Hr-PEM-1, the
colocalization is weaker and the bulk of Hr-PEM-1 mRNA
forms large cortical aggregates in the vicinity of the cER
network (Figs. 8F1–F4, arrows in 8F4, see also Fig. S1A).
These data demonstrate that disruption of MFs results in the
dissociation of Hr-PEM-1 mRNA from the cER network.
Discussion
Axis establishment and a–v polarization in the solitary
ascidians
Our present work on H. roretzi and C. intestinalis confirms
and extends our initial report that the asymmetric redistribution
of the cER and associated Type I mRNAs (Hr-PEM-1), as those
of the subcortical mitochondria-rich myoplasm, occurs during
meiotic maturation and depends on actin cytoskeleton. We also
observed that surface and cytoplasmic flows occur in maturing
oocytes ofHalocynthia (see Videos 5, 6 and 7 in Supplementary
Materials) and Ciona (data not shown). SM1 corresponds to a
fast transient surface contraction oriented towards the animal
pole that is initiated just before GVBD starts. Then, the GV
migrates to the deeper cytoplasm (CM1) when its breakdown is
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Surface Contraction Waves (SCWs) progress along the a–v axis
in Xenopus egg (Perez-Mongiovi et al., 1998). These SCWs
occur in parallel with the activation of MPF and with its
subsequent inactivation in the animal and vegetal hemispheres,
suggesting that they are responses to propagated waves of MPF
activity across the egg. We speculate that the SM1 observed in
ascidian oocytes could also correspond to a local activation of
MPF, which in turn triggers the breakdown of the GV.
The positioning of the meiotic spindle at the animal pole has
a close relationship with the eccentric position of the GV upon
the reinitiation of meiosis in various animals (Miyazaki et al.,
2005). In H. roretzi, in contrast to C. intestinalis, the eccentric
position of the GV corresponds to the first sign of polarization
and dictates the migration of the Metaphase I spindle towards
the closest cortical area that is the future animal pole. The
eccentric position of the GV is already evident in young and
small oocytes, so that GV is positioned away from the gonadal
wall. Therefore, there could be a fixed relationship between the
future a–v axis and the attachment site of the oocyte to the
gonadal wall during oogenesis in Halocynthia. Interestingly, in
many species, the positioning of centrioles is a good marker of
the future animal pole of the embryo. For example, in the sea
urchin Strongylocentrotus drobachiensis, the centrioles, which
are associated with a striated rootlet, are asymmetrically
localized to the side of the oocyte to the gonadal wall. In
contrast, in sea cucumber, the centrioles are present on the side
of the oocyte that is facing the lumen (Egaña et al., 2007).
In mouse oocytes, the cue for the asymmetry comes from the
position of the MA during oocyte maturation and does not seem
to be predetermined by the GV, which is located centrically, as
will be discussed later in next section (Verlhac et al., 2000). In
contrast, cortical and subcortical polarity evident in matured
oocyte (unfertilized eggs) of Halocynthia is cued by an internal
asymmetry already present in maturing oocytes before the
spindle reaches the cortex. It is tempting to hypothesize that
some undetermined factors contained in the eccentric GV could
diffuse through the cytoplasm during its breakdown, reaches
rapidly the nearest cortical area to relax locally the actin
cytoskeleton generating the cortical and cytoplasmic flows.
This idea is consistent with the observation that actin MFs are
less abundant at the animal pole in matured oocytes of Ciona
(Sawada and Osanai, 1985). Interestingly, in cell cultures, the
nuclear oncogene SET translocates from the nucleus to the
plasma membrane and stimulates cell migration in a Rac1-
dependant manner to reorganize actin cytoskeleton in the cell
cortex (ten Klooster et al., 2007). Furthermore, in C. elegans,
even if the polarization of the zygote depends on the sperm-
contributed centrosome that may locally relax the actomyosinFig. 8. Distribution of the cER network, Hr-PEM-1 mRNA, MicroTubules (MTs) an
labeling for the network of the cER (white), MTs (blue), and MFs (yellow) on cortica
(control, A1–A3), nocodazole (B1–B3), and cytochalasin B (C1–C3). Whole oocyte
later. Low panel: Immunolabelling for Phospho-S6-ribosomes (D1–F1) coupled w
isolated from matured oocytes incubated in presence of DMSO (control, D1–D4), noc
ribosomes (PS6-ribo, red) is shown in panels D1–F1 and Hr-PEM-1 mRNA (gre
panels D4–F4 correspond to the boxed areas shown in panels D3–F3.cortex near its point of entry, this asymmetry initiates a flow of
cortical nonmuscle myosin (NMY-2) and MFs towards the
opposite pole (future anterior pole). This cortical flow allows
the transport of PAR-6/-3 and non-PAR proteins associated with
the cytoskeleton towards the anterior pole. In turn, PAR-3/-6,
and PKC-3 modulate cortical actomyosin dynamics and there-
fore promote cortical flow. In addition, PAR-2, which localizes
to the posterior cortex, inhibits NMY-2 from accumulating at
the posterior cortex during flow, thus maintaining asymmetry
by preventing inappropriate, posterior-directed flows (Goldstein
and Hird 1996; O'Connell et al. 2000; Wallenfang and Seydoux
2000; Munro et al., 2004).
Surface, cortical and cytoplasmic flows accompany the
asymmetric redistribution of the cER–mRNA domain and the
myoplasm
Surface, cortical and cytoplasmic flows (SM2 and CM2)
occur in a concomitant manner with the migration of the MA,
and the asymmetric redistribution of the cER–mRNA domain
and the myoplasm. SM2 and CM2 are evident in time-lapse
videos. These flows were further studied by analyzing the
movements of injected droplets of oil saturated with DiI and
Nile blue particles or fluorescent beads at the surface. In
addition, treatments with cytochalasin B and blebbistatin
completely blocked the migration of particles attached to the
surface of maturing oocytes (SM2) (data not shown) and the
spindle migration (see Movies 9 and 10 in Supplementary
Materials). Therefore, the actin cytoskeleton plays an important
role to drive these processes and in particular the involvement of
the molecular motor myosin-2 for SM2/CM2, and for the
asymmetric relocalization of the myoplasm and the cER–
mRNA domain, as well as the migration of the Meiotic
Apparatus (MA). Furthermore, these movements of the cellular
components are likely driven by the surface and cytoplasmic
flows, SM2/CM2. Nevertheless, we could not separately inhibit
SM2 and CM2 in this study, and it is not clear which is
responsible for the vegetal shifts of the cortical cER–mRNA
domain and the subcortical myoplasm.
In mouse oocyte, the migration of the MA depends on
formin-2, a straight actin filament nucleator, and its anchoring to
the cell periphery allows the formation of a cortical actin cap
before polar body extrusion (Longo and Chen, 1985; Verlhac et
al., 2000; Dumont et al., 2007a). This cortical reorganization
implicates the small GTPases Ran and Rac (Dumont et al.,
2007b; Cowan, 2007; Halet and Carroll, 2007; Deng et al.,
2007). It has also been shown that the chromatin-induced
cortical response can be fully reconstituted by injecting DNA-
coated beads into Metaphase II-arrested eggs and inhibited byd actin MicroFilaments (MFs) on isolated cortical fragments. Top panel: Triple
l fragments isolated from spontaneously matured oocytes incubated with DMSO
s were incubated with these cytoskeletal inhibitors from the end of GVBD to 2 h
ith in situ hybridization for Hr-PEM-1 mRNA (D2–F2) on cortical fragments
odazole (E1–E4), cytochalasin B (F1–F4). The detection signal for Phospho-S6-
en) in panels D2–F2. Merge (yellow) is shown in panels D3–F3. Images in
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more, this actin cap can be induced only when DNA-coated
beads are within a certain distance of the cortex (Deng et al.,
2007). Therefore, it has been thought that chromosomes that
reached the cortex trigger the cortical specification of the animal
pole. In contrast, we observed that the cER–mRNA domain and
a portion of the myoplasm start to be excluded from the future
animal pole before the arrival of the MA into the cortex. In
accordance, surface and cortical flows are initiated before the
cortical positioning of the MA. These observations strongly
suggest that chromosomes/spindle do not influence the cortical
polarization along the a–v axis in ascidians. In addition,
chromosome congression is driven by MFs and MTs as reported
in starfish oocytes despite the absence of asters and centrosomes
at the animal pole in ascidians (Lenart et al., 2005; FP and HN,
unpublished observation, see also Figure S1B in Supplementary
Materials).
We also speculate that an actomyosin-dependant cortical
flow, which propagates from the animal pole to the vegetal pole,
could drive the polarization of the cER–mRNA domain and
also generate a deep cytoplasmic flow towards the opposite pole
that may push the MA to the animal pole cortex. Nevertheless, it
is hard to determine if the migration of the MA depends directly
on myosin-2 (i.e. if myosin-2 accumulates in the vicinity of the
MA for driving its relocalization, corresponding to an active
transport) or if it is rather a consequence of a cortical
actomyosin-dependant flow (passive transport). In contrast,
the relocalization of the myoplasm displays some subtle
differences with those of the cER–mRNA domain. Indeed, its
polarized redistribution seems to occur in two distinct phases of
reorganizations (see Video 7 in Supplementary Materials): the
myoplasm is excluded from the animal pole by a slow first
phase of reorganizations (during the migration of the MA) and a
faster second phase (when the MA reaches the cell cortex).
Finally, we propose a model in which the first phase of
redistribution of the myoplasm could depend on the cortical
actomyosin contraction, as for the cER–mRNA domain,
whereas its second phase which gives rise to its full exclusion
from the animal pole could be influenced by the spindle and/or
chromosomes.
The question in ascidian oocytes remains now to discover the
nature of the molecular actors and signaling pathways, which
trigger and participate to these polarized movements that give
rise to the a–v polarity.
The association between the cER and postplasmic/PEM
mRNAs
The cortical network of ER and Hr-PEM-1 mRNA both
aggregate as cortical patches before GVBD. The cortical
patches enriched in Hr-PEM-1 are interconnected by a
reticulated network similarly to the organization of the ER
observed in GV-stage oocytes. Although these peripheral
patches are not retained on isolated cortical fragments, Hr-
PEM-1 mRNA is already colocalized with the network of cER
before GVBD, suggesting that Hr-PEM-1 mRNA is anchored
to the surface of the cER network and reorganizes with it afterGVBD to form a reticulated network concentrated at the vegetal
hemisphere (cER domain) in mature oocytes (Sardet et al.,
2003; Prodon et al., 2005). Interestingly, it has been shown in
budding yeasts that a family of membranous proteins called Rtn,
which are associated with the surface of the ER in a wide range
of eukaryotes, are involved in structuring the cortical ER by
directing the formation of reticulated ER instead of cisternal ER
(De Craene et al., 2006). Furthermore, the nature of molecules
(probably ribonucleoprotein complexes) required for maintain-
ing the association between Type I postplasmic/PEM mRNAs
and the cER network remains unidentified in ascidians (Prodon
et al., 2007). We have also shown on isolated cortices that the
colocalization between Hr-PEM-1 mRNA and cER dramati-
cally decreases after treatments with cytochalasin B, indicating
that the association between Type I mRNAs and the cER
requires MFs. Nevertheless, a portion of Hr-PEM-1 mRNAs
remains attached to these isolated cortical fragments (Hr-PEM-1
does not diffuse), suggesting that a further level of organization
or packaging is required. However, this observation could be
explained by the fact that cytochalasin B does not fully disrupt
actin MFs.
The structural changes of the ER have been observed in
many live oocytes during meiotic maturation such as starfish
(Jaffe and Terasaki, 1994), rodents (Mehlmann et al., 1995;
Shiraishi et al., 1995), frogs (Kume et al., 1997), the marine
worm Cerebratulus lacteus (Stricker et al., 1998) and in
ascidians (this present study). Many of these studies focused on
the relationship between the ER and the generation of repetitive
calcium waves. One interesting point is the presence of large
“cortical ER clusters” or “microdomains” in the maturing
oocytes of these different species, which could be involved in
releasibility of Ca2+ by IP3 (Terasaki et al., 2001; Kline et al.,
1999; Stricker et al.,1998). The relationship between the ER/
Ca2+ release has been already investigated in fertilized eggs of
ascidians, but not yet in their maturing oocytes (Dumollard et
al., 2002, 2003; Dumollard and Sardet, 2001). The structural
changes of these cortical ER clusters during maturation display
some differences between species. For example, in C. lacteus,
Xenopus and mouse, these clusters form during maturation
and accumulate in the vegetal hemisphere of mature oocytes
(Stricker et al., 1998; Terasaki et al., 2001; Kline et al., 1999). In
contrast, in ascidian oocytes, we observed that cortical ER
clusters are abundant and distributed uniformly at the cell
periphery of GV-containing full grown oocytes, and are not
present in mature oocytes. In comparison to previous studies,
our data strongly indicate that these large cortical ER clusters/
microdomains are involved in the anchoring of maternal
mRNAs (which play an important role in the ascidian embryo
patterning after fertilization), strongly suggesting an additional
role for these cortical ER clusters.
After maturation, the cER network and associated mRNAs
accumulate in the vegetal hemisphere. This polarized cortical
redistribution during meiotic maturation displays some simila-
rities with its vegetal accumulation during the first phase of
ooplasmic reorganizations, which occurs immediately after
fertilization (Sardet et al., 2003; Prodon et al., 2005). Indeed, in
both processes, surface, cortical and subcortical cytoplasm
697F. Prodon et al. / Developmental Biology 313 (2008) 682–699contract in vegetal direction. Both these processes are also
driven by the actin cytoskeleton as cytochalasin B causes the
accumulation of Type I postplasmic/PEM mRNAs as large
cortical patches homogeneously distributed at the cell periphery
(Sasakura et al., 2000; this present study). In ascidians, the
network of cER and associated mRNAs are sandwiched
between the Plasma Membrane (PM) and the subcortical
mitochondria-rich myoplasm. This cER is attached to the
internal side of the PM by the help of anchoring feet (Sardet et
al., 1992, 2002). We do not know yet how the cER–mRNA
domain, these cER/ PM junctions and the actin cytoskeleton
play a coordinated role to drive the a–v asymmetry. We
hypothesize that Type I mRNAs are cotransported with the cER
network since their asymmetric redistributions are both altered
after treatments using blebbistatin and cytochalasin B and show
some similar perturbations. In Saccharomyces cerevisiae, some
mRNAs encoding polarity and exocytosis factors are cotran-
sported with the ER to the bud site. A novel model for mRNA
localization has been proposed and involves association of
She2p and RNPs with ER tubules and myosin-dependent
cotransport of tubules and localized RNPs (Schmid et al., 2006;
Aronov et al., 2007).
Finally, the morphological changes of the cER constitute a
complex mechanism which depends on cell cycle, vesicular
trafficking, physiological signals, and/or cytoskeleton in many
cell types (Lee and Cooley, 2007; Sardet et al., 2002). In whole
maturing oocytes of Ciona treated with nocodazole, we
observed that the cER domain forms and is correctly positioned
after maturation, even if the organization of the cytoplasmic ER
is disturbed. Indeed, an accumulation of large subcortical
microdomains of ER is homogeneously found at the cell
periphery in contrary to control oocytes, suggesting a role for
MTs and their associated proteins in the reorganization of the
deep cytoplasmic ER. In mouse oocytes, ER reorganization
during and after GVBD is a complex multi-step process
involving distinct MTs- and MFs-dependant phases and also
indicates a role for dynein in the cytoplasmic changes, which
prepare the oocyte for fertilization (FitzHarris et al., 2007). In
contrast, actin MFs and myosin-2 are involved in the cER
reorganizations after GVBD in ascidian oocytes.
Conclusion
The establishment of the a–v polarity in ascidian oocytes is a
subtly orchestrated process composed of multiple concomitant
cellular events which depend on actin cytoskeleton. Our results
also reveal that Hr-PEM-1 mRNA is already anchored to the
surface of the cortical network of ER before meiotic maturation
and follows its reorganizations after GVBD to form the
polarized cER–mRNA domain in mature Metaphase-I-arrested
oocytes. The a–v relocalization of this cER-mRNA domain
occurs concomitantly with the formation of polarized cell
movements (surface, cortical and cytoplasmic flows), which are
under the influence of actin MFs and the molecular motor
myosin-2, suggesting that an actomyosin-dependant cortical
flow could drive the asymmetric redistribution of the cER–
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